A sensor fusion algorithm is proposed, which can be used to fuse measurements from a distributed sensor network, containing inexpensive, easily deployable and energy efficient magnetic sensor devices. The sensor measurements are collected and transferred to a central base station, where the sensor fusion is performed, using the sensor location. The algorithm provides location, direction, and speed information about the detected vehicles. The paper describes the sensor technology and the fusion method, and the performance of the system is illustrated by real test measurements.
Introduction
Vehicle detection systems became an important research area due to the diversity of possible applications e.g. the intelligent parking systems, loading area control systems and security systems. There are two types of vehicle detection systems: in intrusive systems the sensing components are deployed under the road surface, while the non-intrusive systems are able to operate without any intrusion or traffic limitation [1] .
The goal of the research was to create an inexpensive, easily deployable, non-intrusive sensor system, using high sensitivity magnetic sensors as measurement units, organized into a wireless network. The sensors send their detection to the base station, where the fusion is performed, and alarms are raised and sent to the user, if necessary.
In Section 2 the operation of the sensors will be introduced. Section 3 contains the signal processing stage. In Section 4 the sensor fusion algorithm will be described, while Section 5 shows the experimental setup and Section 6 illustrates the operation of the system with measurement examples. Section 7 concludes the paper.
Magnetic sensor operation
In the sensor network high sensitivity MAG3110 three-axis digital magnetometers were used [2] . Each sensor node contains the magnetometer, a CPU to perform calculations and a radio to send the data.
The magnetometer contains magnetoresistive material, which changes its resistance as the function of the magnetic field. A Wheatstone-bridge is formed from the magnetoresistive elements and the changes in the magnetic field can be measured as the changes of the voltage at the output of the sensor [2] , as shown in Fig. 1 .
Since vehicles contain significant amount of ferrous material, they change the Earth's static magnetic field, which can be detected by the magnetometer from various distances [3] . 
Sensor signal processing
The sensor measures the magnetic field, providing raw measurement data ( ), as shown in Fig. 2(a) . Then in the signal processing stage an exponential averaging block is used to provide an average ( ) of the raw signal, also shown in Fig. 2 (a), as follows:
where is a value close to one. The next processing stage uses the squared difference between ( ) and ( ), filtered by a low-pass filter, which creates the quadratic mean signal ( ), as shown in Fig. 2 (b). The slow average ( ) of ( ) is used to create a threshold ( ), which is used for the detection (see Fig. 2 (b)). Detection occurs at the time instant when ( ) becomes higher than ( ). 
Sensor Fusion
The fusion is executed at a PC, connected to the base station. The fusion algorithm receives the detection parameters (A, L, T). The flowchart of the fusion is shown in Fig. 4 .
The fusion algorithm starts the operation when a detection arrives to the base station. A reliability score is maintained by the algorithm, based on the recent measurements: the reliabilityScore is the number of sensors providing detections. Larger reliability score means higher detection probability.
The detections first are stored in the memory and the fusion compares the last received detection messages. When a possible match is found the reliabilityScore increased. In this case, the possible match means, that the times of the detections, the maximum amplitudes, and the lengths of the detections are close to each other. An alarm is emitted when the reliabilityScore reaches a minimum level.
When reliabilityScore is high the event is detected. The position of the event is estimated by the position of the detecting sensors.
To provide speed and direction estimation, the fusion algorithm requires detection messages from sensors which are at a significant distance (e.g. 20m) from each other. Using the distance ∆ between the sensors the time difference ∆ of the detections, the algorithm is able to estimate the ̅ = ∆ /∆ speed of the vehicle. To eliminate old data, a Timer is started after a detection arrives. The algorithm waits for another message within the given time window. If no eligible match found, the fusion erases the unmatched data and resets the reliabilityScore. 
Experimental setup
To evaluate the performance of the system, real tests were conducted. Six sensors were used, divided into three groups, with two sensors in each group. Two sensors in a group were placed near each other. The sensors were placed near the road, with distance from the road of 0.5 meter. The distance ∆ between the individual sensor groups was 20 meter. A typical passenger vehicle was used during the test, passing by the sensor field, as shown in Fig. 5. 
Evaluation
The results are shown in Table 1 , where the time of detections, the IDs of the detecting sensors, and the calculated reliability scores, the time interval calculation for speed estimation, and the estimated speed values are shown.
In the experiment each sensor detected the vehicle, the reliabilityScore increased to 6, as shown in Table 1 . The timestamps of the received messages are used to provide the speed estimation of the vehicle. The average of the detection times are used in groups if more messages are available. The estimator uses the time differences between two different sensor groups, as shown in Table 1 , column ∆ . Within a group of sensors i and j the average detection time is denoted by ( , ̅̅̅̅̅̅ ) = ( + )/2. The true speed of the vehicle was approximately 10 km/h which is reasonably well estimated by the network: the algorithm calculated the estimated speed as 14 km/h between the first and second group, and 9 km/h between the second and third group.
To evaluate the reliability and robustness of the system multiple experiments were conducted, where the speed of the vehicle varied between 10 km/h and 30 km/h. The results are shown in Table 2 , where the calculated reliabilityScore, the real speed , and the estimated speed ̅ of the vehicle are shown. In each experiment the reliability score was high (5 and 6). The speed estimates are close to the real values, but there are significant errors when is higher. This is caused by the 1s resolution of the timestamp: a small difference may cause large estimation errors when ∆ is low. The accuracy of the system can be improved if the distance ∆ between the sensors is increased. 
Conclusion
A sensor fusion method was proposed, which uses distributed sensor readings of magnetometers to detect passing-by vehicles from the distance of 0.5 -3 meters. The fusion method provides robust detection, along with speed and direction estimation. The performance of the system was illustrated with real measurement examples.
